ABSTRACT: Intrinsically disordered proteins (IDPs) are an important and emerging class of materials for tailoring biointerfaces. While the importance of chain charge and resultant electrostatic interactions in controlling conformational properties of IDPs is beginning to be explored through in silico approaches, there is a dearth of experimental studies motivated toward a systematic study of these effects. In an effort to explore this relationship, we measured the conformations of two peptides derived from the intrinsically disordered neurofilament (NF) side arm domain: one depicting the wild-type sequence with four lysine−serine−proline repeats (KSP peptide) and another in which the serine residues were replaced with aspartates (KDP peptide), a strategy sometimes used to mimic phosphorylation. Using a variety of biophysical measurements including a novel application of scanning angle interference microscopy, we demonstrate that the KDP peptide assumes comparatively more expanded conformations in solution and forms significantly thicker brushes when immobilized on planar surfaces at high densities. In both settings, the peptides respond to changes in ambient ionic strength, with each peptide showing distinct stimulus-responsive characteristics. While the KDP peptide undergoes compaction with increasing ionic strength as would be expected for a polyampholyte, the KSP peptide shows biphasic behavior, with an initial compaction followed by an expanded state at a higher ionic strength. Together these results support the notion that modulation of charge on IDPs can regulate conformational and interfacial properties.
■ INTRODUCTION
Surface-anchored brushes based on synthetic polymers have been extensively utilized for reducing nonspecific adsorption of materials at solid−liquid interfaces. 1, 2 Brushes fabricated from polyelectrolytes and polyampholytes offer the additional possibility of expanding and collapsing in response to changes in their electrostatic milieu.
3−5 Such stimuli-responsive brushes have found numerous applications, including biosensors, 6 separation technologies, 7 and as valves for nanopores. 8 Two important and historically persistent limitations of synthetic polymers are the challenge of precisely controlling chain length and monomeric sequence, both of which strongly influence electrostatic properties. Most polyelectrolytes so far synthesized have therefore either been homopolymers consisting of a single type of charged group, 9 ,10 random copolymers formed of a combination of two or more chemical species (at least one of which is charged) randomly distributed over the polymer length, 10, 11 or block copolymers composed of repeats of discrete charged blocks. 12, 13 Constructing polymer brushes from intrinsically disordered proteins (IDPs) offers an opportunity to overcome both of these challenges. Recombinant DNA technology enables the expression and purification of perfectly monodisperse biopolymers with precise placement of charged residues within the protein sequence. The amino acid sequence of IDPs may be tailored to control conformational properties, akin to synthetic polymers. 14 IDPs could also complement synthetic polymers currently used in biomedical applications, e.g., as drug delivery agents, 15−18 cell culture matrices, 19, 20 and coatings. 21−23 In principle, non-natural amino acids could be used to introduce additional functionalities, including chemical reactivity and fluorescence. 24 Thus, IDPs are drawing increased interest as biomolecules with unique material properties that can be integrated into biological systems. For example, we recently engineered, expressed, and purified a recombinant IDP and showed that this biomolecule could form monodisperse, oriented brushes on surfaces. 25 Furthermore, we showed that these brushes collapse and swell in response to changes in solution ionic strength and pH and that they may be enzymatically shaved to defined heights through the application of proteases directed to specific sequences within the chain. Taken together with analogous studies from other laboratories, 26, 27 these findings collectively support broader exploration of IDPs as biomaterials that may be used to tailor interfacial properties in an environmentally responsive fashion.
IDP conformational properties and the resulting interfacial behavior are significantly influenced by electrostatic interactions between charged residues. Recent molecular simulations have revealed the importance of charge position, distribution, and resultant local conformational preferences within an IDP to global IDP structure. 28, 29 Despite these important computational advances, there is a need for experimental data connecting IDP charge to interfacial properties. This is particularly important given that many post-translational modifications that may alter the bioactivity of IDPs−most notably phosphorylation−involve additional changes in electrostatic properties not encoded in the original amino acid sequence. Thus, it would be valuable to develop an understanding of how local changes in IDP charge regulate IDP conformation in solution and in the context of a grafted brush.
As a first step toward addressing this question, we have characterized synthetic peptides derived from IDPs with precisely defined differences in chain charge. We based our peptides on the C-terminal projection domain of the human neurofilament heavy subunit (NF-H), which also inspired the full-length recombinant IDPs in our earlier study. 25 This IDP domain extends laterally from the NF core and is thought to sterically stabilize the NF network, which has in turn been hypothesized to contribute to NF network mechanics and axonal caliber. 30−32 Importantly, the human NF-H side arm contains approximately 40−50 lysine−serine−proline (KSP) repeats, which are subject to phosphorylation in vivo. The phosphorylation state of these domains has been widely correlated with NF−NF spacing distances. It has therefore been hypothesized that changes in side arm charge can modulate electrostatic repulsion within and possibly between NF side arms, thereby expanding the effective volume occupied by each side arm and increasing NF−NF spacing. 33 ■ EXPERIMENTAL SECTION Materials. Fluorescein-labeled as well as unlabeled poly(ethylene glycol) derivatives were purchased from Nanocs, 5-((2-(and-3)-S-(acetylmercapto)succinoyl)amino)fluorescein (SAMSA fluorescein) from Thermo Fisher Scientific, and tri(ethylene glycol)undecanethiol from Dojindo Molecular Technologies. All other chemicals were purchased from Sigma-Aldrich. Quartz chips for quartz crystal microbalance were purchased from Biolin Scientific, and gold substrates for surface plasmon resonance were purchased from XanTec Bioanalytics.
Small-Angle X-ray Scattering (SAXS). SAXS measurements were conducted using the SIBYLS beamline at the Advanced Light Source facility of the Lawrence Berkeley National Laboratory. Peptides at a concentration of 1 mg/mL in HEPES buffers of different ionic strengths were analyzed over a scattering vector (q) range of 0.03− 0.3/Å with an exposure time of 1 s in triplicate. Similar measurements were also carried out for the different buffer preparations (blank measurements), and the resultant spectra were subtracted from the experimental peptide spectra to obtain the final data. Guinier plots were used to verify that the peptides did not aggregate. The SAXS spectra were then subjected to ensemble-optimized modeling using the ATSAS software package. 34 This analysis is based on the generation of a large pool of theoretical structures (typically 10 000) based on side-chain interaction constraints from the primary sequence of the peptides. The theoretical X-ray scattering profiles calculated from these structures are then matched for fit with the experimental scattering profile to create an ensemble of best-fit structures.
Surface Plasmon Resonance (SPR) Measurements. All SPR measurements were performed at 25°C in a four flow cell Biacore 3000 instrument (GE Healthcare) on bare gold SPR transducers. KDP peptide and KSP peptides were immobilized on flow channels 1 and 2, respectively, via their N-terminal cysteine residues. Tri(ethylene glycol)undecanethiol, which forms a reference layer, was immobilized on flow channel 3. Immobilization was carried out by injecting 1 mM of the appropriate molecule in HEPES buffer (HBS, pH 7.5, ionic strength 150 mM) into the channels for 40 min at a flow rate of 5 μL/ min. All flow channels were subsequently rinsed with the buffer for 30 min to remove any nonspecifically adsorbed material. Following this, injections of BSA in HEPES buffers of various ionic strengths and pH were carried out to measure the heights of the surface layers. Prior to the BSA injections, all flow channels were equilibrated with the appropriate buffer for 15 min. Three injections of BSA (each lasting 1 min, followed by a rinse for 1 min) at a concentration of 1 mg/mL in the corresponding buffer was carried out into all flow channels at a rate of 10 μL/min, with each injection passing all flow channels sequentially. Average response units for each BSA injection was measured relative to the buffer baseline.
Analysis of SPR Data. Immobilization densities (ρ) of the peptides was calculated from the change in the resonance units (ΔRU) by using the relationship 1300 RU = 1 ng/mm 2 . The grafting distance (g) could then be calculated from the density using the relationship
where M w is the molecular weight of peptide and N A is Avogadro's number. Heights of the layers were calculated from the response of the BSA injections by using the relation
where H B and H RL are the heights of the peptide brush and the reference layer (2 nm), respectively, R B and R RL are the SPR signals during the injection of BSA on the brush and reference layer, respectively, and l d is the decay length of the surface plasmon. Calculation of optimal l d for each layer under the various buffer conditions was carried out using the iterative procedure described previously. 35 Modeling of the SPR reflectivity spectrum necessary for the evaluation was done via Fresnel equations using a transfer matrix formalism. 36 Quartz Crystal Microbalance with Dissipation. QCM-D measurements were performed with a Q-Sense E4 system (Biolin Scientific). Quartz crystals with fundamental frequencies of ∼5 MHz were functionalized with maleimide moieties as described in the Supporting Information and used for immobilization of the peptides. 1 mM of the peptides in HBS was injected into the flow cell at a flow rate of 100 μL/min for 2 min, using a syringe pump. Change in frequency (Δf) and dissipation (ΔD) were measured at five overtones (n = 3, 5, ..., 11) simultaneously. The data were fit using the Voight− Voinova model 37 for viscoelastic films to obtain the surface density of the hydrated peptide layer bound to the surface.
Scanning Angle Interference Microscopy (SAIM) Imaging. The n-type [100]-orientation silicon wafers with 1933 nm silicon oxide (Addison Engineering) were cut into ∼0.5 cm 2 chips using a diamond pen. The substrates were functionalized with the peptides, PEG, and fluorescein as described in the Supporting Information. SAIM calibration wafers were prepared by sonicating carboxylate-modified red fluorescent spheres (100 nm; Invitrogen), following by bead deposition (5 × 10 8 beads per mL) in PBS. Imaging was performed on 
■ RESULTS AND DISCUSSION
We used solid-phase peptide synthesis to generate two 32-residue peptides based on the NF-H side arm domain. The first peptide contained four KSP motifs (KSP peptide), while in the second the serine residues were replaced with aspartate residues (KDP peptide) ( Figure 1A) . Comparison of the KSP and KDP peptides is expected to yield insight into electrostatic effects associated with changes in chain charge on IDP structure and stimulus responsiveness. Additionally, as aspartate residues are sometimes used to mimic effects of phosphorylation in proteins, this approach may also lend insight into how serine phosphorylation in these side arm domains contributes to NF structure and interactions in the cytoskeleton. Conformational Dynamics of Peptides in Solution. We first characterized the conformational properties of each peptide in solution using small-angle X-ray scattering (SAXS), which has been extensively applied to capture solution dimensions of both structured and disordered proteins and peptides. 39−41 Kratky plots of the SAXS data for the two peptides in HEPES buffered saline (HBS, ionic strength 150 mM, pH 7.5) reveal a plateau at high value of the scattering vector, q, which is the signature characteristic of random coils ( Figure 1B) . 39 This confirms that these peptides lack structure, as expected. In order to extract quantitative information on peptide dimensions from the scattering data, we utilized the ensemble-optimized modeling (EOM) method, which has been previously established to be a more potent scheme than the traditional Guinier approach for interpreting SAXS spectra of intrinsically disordered proteins. 34, 42 Modeling the data in this fashion, we obtained radii of gyration (R g ) of 2.01 ± 0.06 and 1.88 ± 0.05 nm for the KDP and KSP peptides, respectively.
The lower R g of the KSP peptide is consistent with recent molecular dynamics (MD) simulations of the C-terminal tails of the NF-H protein, 43 which found that the non-phosphorylated side arm domain is stabilized by salt bridges between glutamate and lysine residues; these attractive electrostatic interactions would presumably be destabilized by the electrostatic repulsions associated with added negative charge upon phosphorylation. To investigate these electrostatic effects in a more detailed manner, we next conducted SAXS experiments on the peptides as a function of ionic strength. Interestingly, the dependence of R g on ionic strength for the KSP and KDP peptides (also calculated using EOM, Figure 1C ) exhibit distinct behavior. The R g of KDP decreases monotonically with ionic strength (correlation coefficient R = −0.94 between R g and ionic strength). This is consistent with classical polyelectrolyte theory, which would predict that salt-mediated screening of electrostatic repulsions within the peptide should induce chain condensation. The R g of the KSP peptide, in contrast, initially falls with increasing ionic strength for ionic strength <200 mM and then rises again for ionic strength >200 mM (correlation coefficient R = −0.6 between R g and ionic strength). Aspects of these trends are predicted by the polyampholyte theory of Higgs and Joanny, 44 which has been previously used for modeling the R g of short intrinsically disordered proteins of approximately 50 residues in solutions of guanidium hydrochloride. 45 According to this theory, for polyampholytes with high net charge, the R g is expected to fall with increasing ionic strength, while for polyampholytes with medium net charge, the R g is expected to fall up to a critical ionic strength, followed by an increase. These trends are qualitatively in tune with our observations, with the nominal net charge on KSP and KDP being −1 (medium) and −5 (high) (7 positive charges for both, and 8 and 12 negative charges for KSP and KDP, respectively). Interestingly, MD simulations of the full-length side arm domain of NF-H show that the R g of the phosphorylated side arm is expected to decrease with increasing ionic strength as we have observed. For the non-phosphorylated side arm domain, the R g is expected to remain constant up to an ionic strength of approximately 40 mM, followed by a small increase. 46 Conformational Dynamics of Peptide Brushes. Having verified the stimulus-responsive properties of these peptides in solution, we next attempted to study their behavior in the form of surface-anchored brushes. This geometry is broadly reminiscent of the in vivo arrangement of NF-H side arm domains within the axon, which project from the NF core to form cylindrical brushes. Moreover, as discussed earlier, the potential technological application of surface-grafted IDPs as biologically encoded interfacial materials makes this a very useful paradigm to study. 25−27 We therefore immobilized KSP and KDP peptides via their N-terminal cysteine residues on gold substrates and followed the grafting kinetics using surface plasmon resonance (SPR) (Figure 2A ). We calculated grafting densities of 0.46 and 0.5 molecules/nm 2 for KSP and KDP peptides, respectively. Assuming square (two-dimensional cubic) packing, this corresponds to a nearest-neighbor grafting distance of 1.47 nm for KSP and 1.41 nm for KDP. These distances are smaller than the end-to-end distances for the two peptides (4.61 nm for KSP and 4.92 nm for KDP), which can be calculated from the R g values measured from SAXS ( Figure  1C ). On the basis of this high surface density, we conclude that the peptides form brushes on the surface. To measure the brush height, we used a SPR-based methodology recently introduced by Schoch et al. in which bovine serum albumin (BSA) is used as a probe to measure the thicknesses of surface-grafted synthetic polymer and protein layers. 35, 47 In this method BSA molecules experience a steric repulsive force from the polymer/ protein brush (proportional to the excluded volume of the polymer layers), which hinders their approach to the SPR transducer. The SPR response of the BSA molecules is inversely proportional to their average distance from the transducer, which enables calculation of the height of the surface-grafted brush. The SPR response of a solution of BSA in HBS (ionic strength 150 mM, pH 7.5) injected on three different surface layers ( Figure 2B ) is lowest for a KDP peptide brush, higher for a KSP peptide brush, and highest for a reference layer formed by tri(ethylene glycol)undecanethiol. Analyzing these signals using the procedure described in the Experimental Section, we obtained brush heights of 5.7 and 9.8 nm for the KSP and KDP brushes, respectively ( Figure 2C) .
We next tested the responsiveness of these peptide brushes to changes in pH. To do this, we injected BSA in HBS of ionic strength 150 mM at different pH (pH 5 and 10) and analyzed the BSA signals following the procedure described above. This showed that the brushes underwent significant collapse at pH 5, shrinking to around half of their previous thickness ( Figure  3A ). This could be explained by the fact that the nominal charge on both peptides is lower at pH 5 than at pH 7.5 ( Figure  1A ). In contrast, both brushes experienced a modest expansion at pH 10, compared to at pH 7.5 ( Figure 3A) , which again correlates with the increase in the nominal charge on the peptides at pH 10 ( Figure 1A ). This is consistent with the behavior of a polyelectrolyte or polyampholyte brush, where the brush height depends strongly on chain charge. Furthermore, the extreme sensitivity of the brush height close to the nominal isoelectric point (pI) of the peptide, and comparatively lesser sensitivity at distant pH values is in agreement with our previous measurements with the full-length un-phosphorylated NF-side arm domain. 25 Subsequently, we studied the responsiveness of these brushes to changes in ambient ionic strength at pH 7.5. Again, taking the approach described earlier, we injected BSA in HBS at pH 7.5 of varying ionic strengths and analyzed the SPR signal. We observed significant adsorption of BSA at ionic strengths below 100 mM, possibly due to electrostatic attractive forces between BSA and the brushes, and so we confined our study to ionic strengths >100 mM. In the ionic strength range of 100−500 mM, the brushes demonstrated very interesting and distinct responses to ionic strength ( Figure 3B ). For the KDP brushes, we observed a continuous decrease in brush height with increasing ionic strength. This behavior agrees with theories developed for polyampholyte and polyelectrolyte brushes, where increasing salt concentration enhances the screening of electrostatic repulsive forces between monomers and thus produces brush collapse. 48, 49 This also correlates with the trend in the R g of KDP peptide, where increasing ionic strength causes a reduction in the average polymer coil size ( Figure 1C ). In contrast, the KSP peptide layer is relatively insensitive to ionic strength below 400 mM but undergoes significant expansion at 400 mM, followed by a collapse at 500 mM. While this unexpected behavior is not predicted by relevant mean-field theories, the increase in height of the KSP brush at 400 mM can be hypothesized to be driven by similar mechanisms that cause the high-salt expansion of the KSP peptide at >200 mM in solution ( Figure 1C) .
A possible criticism of this SPR-based technique for measuring brush height is that it can be affected by adsorption of BSA to the brushes. While we do not observe any significant adsorption of BSA onto peptide-functionalized surfaces in the ionic strengths presented here, we still cannot definitively rule out transient BSA adsorption. To verify these findings with a completely independent methodology, we measured the heights of the peptide brushes using scanning angle interference microscopy (SAIM). 38, 50 SAIM measures the optical distance (product of physical distance and the refractive index of the intervening medium) of fluorescent species immobilized on special transducers composed of a thin film of silicon dioxide deposited on a reflective silicon wafer. The intensity of the fluorescence excitation light is axially modulated by varying the angle of incidence. Thus, the fluorescence intensity is a function of the incident angle of excitation light and the distance of the fluorophore from the silicon oxide layer ( Figure S1 ). This angle-dependent variation in intensity is then fit to a model (see Supporting Information for details) to extract the height of the fluorophore above the substrate. While SAIM has been applied with great success to measure intermolecular dimensions within cellular adhesion complexes, it has not as yet been applied to reconstituted polymer brushes. We therefore first verified the ability of SAIM to measure brush heights in a defined system in which thiol-terminated fluorescein-labeled PEG (molecular weight 5000 Da) was covalently immobilized to maleimide-functionalized SAIM substrates at high density. The curve for fluorescence intensity as a function of angle of incidence of excitation light for the PEG brush is shifted to the right of the curve for a comparable substrate that was functionalized with fluorescein (i.e., without the intervening PEG polymer), which confirms the higher thickness of the PEG brush ( Figure S2A ). On the basis of this observation, we extracted heights of 6 and 15 nm for fluorescein-and PEG-functionalized surfaces, respectively ( Figure S2B ). The height of the PEG layer could then be calculated as the difference between these two values (9 nm), which agrees with previously published heights of brushes made using PEG of this molecular weight and at comparable density. 35 Having established SAIM as a suitable method to measure polymer brushes, we attempted to measure the heights of KSP and KDP peptide brushes using this technique. Toward this end, we first synthesized KSP and KDP peptides containing a cysteine on the C-terminus and labeled with fluorescein on the N-terminus. For SAIM studies, we used sequence-reversed retropeptides (PSK rather than KSP repeats; Figure S3A ), which facilitated the use of the N-terminus for conjugation of fluorescein on resin, and allowed immobilization via the Cterminal cysteine, while still maintaining the original order of the sequence of amino acids relative to the substrate. We followed the immobilization of these retro-peptides on quartz substrates functionalized with maleimide groups using quartz crystal microbalance with dissipation monitoring (QCM-D) ( Figure 4A ). We calculated a nearest-neighbor grafting distance of 2.2 nm between each polymer chain using a Voigt−Voinova model to fit the QCM-D data 51 and assuming a square packing of the peptides. While this distance was greater than the grafting distance achieved in the SPR experiments, it was approximately half of the end-to-end distance of the two peptides, ensuring that the immobilized peptides adopted brush conformations. We next measured the heights of the brushes in HBS (ionic strength 150 mM, pH 7.5) using SAIM ( Figure  4B ). In concurrence with the observations from the SPR-based measurements, we confirmed that the KSP peptide forms a thinner brush than KDP (3.7 and 5.0 nm for KSP and KDP, respectively). The lower heights of the brushes in comparison to the SPR experiments can be explained by the lower surface density in the SAIM experiments. In addition to the different grafting densities, another possible reason for the discrepancy between the heights measured by the two techniques is that the data obtained from the SAIM measurements is modeled using a constant refractive index of the layer (1.33), which may not be strictly correct. In spite of these apparent differences in the absolute brush heights obtained from these two complementary techniques, the strong qualitative agreement between these two independent methodologies supports the notion that KDP peptides form thicker brushes than KSP peptides under comparable grafting densities and solution conditions.
We next conducted SAIM measurements on the peptide brushes under varying ionic strengths. We again observed trends that closely follow the ones observed using the SPR experiments ( Figure 4C ). KDP peptide brushes displayed a monotonic decrease in brush height with ionic strength. The brush height of KSP peptides, on the other hand, was largely nonresponsive to ionic strength to 400 mM followed by an abrupt increase at 400 mM and a subsequent drop at 500 mM. Notably, the height of a surface that was functionalized only with fluorescein did not change with ionic strength (data not shown), confirming that the observed brush height variations reflect the dynamics of the peptide brushes rather than any ionic-strength-dependent influences on the underlying surface chemistry or fluorescein fluorescence. As with the comparison between KSP and KDP peptides in solution, these SAIM experiments confirm SPR findings that these two peptides display distinct dependences on ionic strength.
■ SUMMARY AND CONCLUSIONS
In this report we measured the radii of gyration in solution and heights of surface-grafted brushes formed by two variants of intrinsically disordered peptides that vary by only four amino acids (serine vs aspartate within four KSP repeats). Using SAXS, we established that the KDP peptide assumes more swollen conformations in solution than the KSP peptide. SPR and SAIM measurements reveal that KDP forms thicker brushes than KSP under physiological solution conditions when immobilized on substrates at comparable grafting densities. Notably, our SAIM measurements represent the first use of this methodology to capture heights of immobilized polymer brushes. SAIM has been previously applied to the study of cellular structures using fluorescent protein labels, with height measurements described as accurate to ∼5 nm. In this study we establish that these measurements can be extended to much smaller fluorophores conjugated to purified peptides, which both illustrates the versatility of this interference light microscopy technique and may accordingly yield improvements in measurement accuracy. In conclusion, the measurements presented here are consistent with a hypothesis in which electrostatic effects associated with introduction of very few charged residues in an IDP can strongly modulate conformational and brush properties as well as the dependence of these properties on ionic strength. These results may also have implications for how IDP phosphorylation influences conformational properties and motivates further exploration of phosphorylation (or introduction of phosphomimetic residues) as a useful design tool for engineering material properties of IDPs in solution and at solid−liquid interfaces. 
